In this articie the authors propose a novel interslice coding algorithm especially appropriate for medical 3-dimensional (3Dl images. The proposed algorithm is based on a video coding algorithm using motion estimation/compensation and transform coding, In the algorithm, warping is adopted for motion compensation. Then, by using adaptive mode selection, an MC residual image and original image are mixed up in the wavelet transŸ domain for improvernent in coding performance. The mixed image is then compressed by the zerotree coding method. It is proven that the adaptive mode selection technique in the wavelet transform domain is very useful for medical 3D image coding. Simulation results show that the proposed scheme provides good performance, regardiess of interslice distance, and is prospective for medical 3D image compression. T HE MOST commonly used digital modalities, such as x-ray computed tomography (XCT), magnetic resonance imaging (MRI), positron emission tomography (PET), and single-photon emission computed tomography (SPECT), generate multiple slices in a single examination. Although these multiple slices can be compressed slice by slice, more efficient compression can be achieved by exploiting the correlation between slices. This is because multiple slice images normally are correlated with each other. Asa result, various medical 3-dimensional (3D) image compression techniques have been proposedJ 5 These techniques can be roughly divided into two classes: one based on a 3D transformation ~,2 and the other on block motion estimation/compensation techniques, which have been widely used in the video coding area. 3-5 In the remainder of this repon, the term motion, when applied to medical 3D images, represents interslice correspondences.
T HE MOST commonly used digital modalities, such as x-ray computed tomography (XCT), magnetic resonance imaging (MRI), positron emission tomography (PET), and single-photon emission computed tomography (SPECT), generate multiple slices in a single examination. Although these multiple slices can be compressed slice by slice, more efficient compression can be achieved by exploiting the correlation between slices. This is because multiple slice images normally are correlated with each other. Asa result, various medical 3-dimensional (3D) image compression techniques have been proposedJ 5 These techniques can be roughly divided into two classes: one based on a 3D transformation ~,2 and the other on block motion estimation/compensation techniques, which have been widely used in the video coding area. [3] [4] [5] In the remainder of this repon, the term motion, when applied to medical 3D images, represents interslice correspondences.
Coding methods based on 3D transformations can be considered a straightforward approach for 3D coding, and they have been investigated by many researchers. It has been shown that the coding scheme based on 3D wavelet transform provides a noticeable improvement over 2-dimensional (2D) methods} But in that study, performances for medical image compression were compared at very low bit rates. In most medical image compressions, relatively high bit rates are required to prevent the risk of misdiagnosis owing to image distortion. It is known that the improvement in the 3D method over the 2D method decreases noticeably as the bit rate increases. 1 Furthermore, 3D transformation methods ate sensitive to interslice distances. 4 In medicaf imaging, because the interslice spacing can vary with each scanning case, and generally is much greater than that within the slice, it is difficult for 3D transformation methods to provide good coding performances for various imaging modalities and their imaging parameters.
As an alternative, interslice coding methods have been proposed 4,5 by adopting warping motion compensation (MC) that is being used in video coding. However, these MC methods also are sensitive to interslice distance, and the coding performances have room for improvement with respect to medŸ cal images. Therefore, the design of a medical 3D image coder based on interslice coding requires more careful examination of medical 3D image characteristics for improving compression performances.
Because vŸ coding usually requires a lower bit rate, information contained in a motioncompensated residual image can be greatly reduced by coarse quantization. However, for medical images, it must be quantized finely enough to prevent misdiagnosis and it requires higher bit rates. Furthermore, the correlation between slices in medical 3D images is lower than that between frames in video applications. So, even after MC, there is still considerable redundancy left over, and more infor-mation must be handled by a coder. Therefore, in medical 3D image coding, residual image coding is more important, anda more efficient coder design is needed than in video coding.
In this article, we propose a 3D interslice image coder, which is especially appropriate for medical images in which the interslice distance varies depending on imaging modality and parameters. It overcomes the drawback of the existing coders whose performances rely on interslice distance, and also provides high coding performance. The proposed algorithm adopts warping prediction for MC, and introduces image compression based on adaptive intra/intercoding in the wavelet transform domain.
The interslice redundancy reduction method based on warping is reviewed in the next section. Following that, the adaptive mode selection technique in the wavelet transform domain is introduced, and the zerotree coding method is explained. Afterward, experimental results are provided and our conclusions are summarized.
INTERSLICE REDUNDANCY REDUCTION
VlA MC
As mentioned above, the proposed medical 3D image coder is based on a video coder consisting of motion estimation/compensation (interslice decorrelation) and transform coding parts. However, characteristics of interslice variation in medical images are very different from those in a video sequence. The difference between two consecutive frames in a video sequence depends mainly on camera movement or object movement. Consequently, block matching algorithms (BMA), which are proper for a translational motion, are widely used for motion estimation in video coding. However, the interslice variation in medical 3D images results from a change in location of the consecutive slices of a stationary 3D object rather than a temporal change in a video sequence. Accordingly, the translational motion model is not suitable for medical images because most interslice variations consist of a variety of components such as zooming, rotation, new object occurrence, and occlusion.
To overcome the limitation of the translational motion model, a warping prediction method has been presented 6,7 and applied to medical applications. 4,5 Herein we also adopt the warping prediction method for motion compensation. The warping prediction is mainly classified into an affine transformation warping ora bilinear transformation warping. Because we have found that the performance of a bilinear transfolrnation is superior to that of the affine transformation, we adopt bilinear transformation for warping prediction.
In warping prediction, the kth image Ik is considered a set of blocks of equal size, as shown in Fig 1. Then the four vertices, (u0, v0), (ul, vi), (u2, V2), and (u3, v3), in Ik-1 corresponding to the vertices of a rectangle block in Ik, (mo, no), (mi, ni), (m2, n2), and (m3, n3), are determined on the basis of the conventional block matching algorithm (see Fig 2) . Then, for a given point (m, n), its corresponding point (u,v) in I~-1 can be determined by using the bilinear transformation, ie, u = u0 + (Ul -u0)rm + (u2 -uo)r,, + (u3 -u2 -ul + u~ (1)
where r,,, and r,, are given by
Therefore, l~(m, n) can be predicted from Ik-l(u, v), and Ik-l(u, v) is determined by the bilinear interpolation with four integer points neighboring (u, v).
Block in the (k-l )th slice image Block in Ihe s slice iraage (ul, v0, (u2, v2) , and (u3, v3). Here, the bilinear transformation is used for this calculation.
The difference between an original image, Ik, and its predicted image, Ik, is used as the motioncompensated residual image.
IMAGE COMPRESSION BASED ON ADAPTIVE MODE SELECTION IN THE WAVELET TRANSFORM DOMAIN

Motivation
In medical 3D image coding, the interslice distance varies according to the purposes of examinations and the kinds of organs examined. Depending on the imaging parameters, the interslice distance can be considerably large, and interslice coding may no longer be effective. Therefore, we need a robust coder that is independent of interslice distance, by increasing the portion of intracoding when images have large slice distances and by increasing the portion of intercoding when images have small slice distances.
This adaptive intra/intercoding in the spatial domain also is widely used in video coding fields such as MPEG, H.261, and H.263. The wavelet transform is performed on the entire image, whereas DCT used in MPEG or H.26x is performed block by block. Therefore, when original blocks and their motion-compensated error blocks are mixed in a single spatial-domain image, in the wavelet transforro domain, their block boundaries produce highfrequency components that lower the coding performance severely. However, if we can perform the adaptive intra/intercoding in the transform domain, this problem can be overcome.
It has been found that, in the transform domain, residual images (intercoding) have less information in low frequencies, but original images (intracoding) have less information in high frequencies. 8, 9 Using this observation, the adaptive intra/intercoding technique in the wavelet-transform domain has been suggested. 9 However, it could not provide noticeable improvement in video coding performance. This is because the relatively coarse quantization in video coding truncates most of the high-frequency coefficients in both original and residual images to zero, thus making the adaptive coding less meaningful. But medical image coding generally requires fine quantization to prevent misdiagnosis. Therefore, high-frequency coefficients after quantization are no longer negligible for residual images, and the adaptive selection of intra/inter mode in high-frequency bands becomes important.
Adaptive Mode Selection in the WaveIet Transform Domain
Before explaining the proposed algorithm in detail, let us considera "block" in the transform domain asa basic unit for adaptive mode selection. Figure 3 shows the blocks in a wavelet-transformed image. Each block has its own size according to the frequency band to which it belongs. The block size of the highest frequency band is the largest. As the frequency band decreases, block size becomes smaller by four. In this study, the block size of the highest frequency band was ¡ at 16 • 16. As shown in Fig 3, blocks connected by arrows are located at similar spatial positions in each frequency band. The block at the starting point of the arrow is the "parent block"; the block located at the end point of the arrow is defined as the "child block." Descendents of a child block are considered "descendent blocks." The shaded areas in Fig  3 represent blocks that have no descendent blocks. The parent-child relationship will be utilized when the information of intra/intermode is transmitted (see next section). The block and the parent-child relationship correspond to the structure of the spatial orientation tree defined in the SPIHT coder, l~ which is chosen as the image coder in this algorithm. Figure 4 depicts the adaptive mode selection technique in the wavelet transform domain. First, before selecting the modes, both the original image and its residual one are wavelet transformed, as shown in Fig 4A. In practice, a transformed residual image is obtained by first transforming the original image and its predicted image, then taking the difference between these two transformed im- 
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ages. After wavelet transforms are performed, the encoder selects the blocks with the lower energy between blocks of the original image and those of the motion-compensated error image. The resulting image provides minimum energy by mixing the transformed original and residual images properly. Then, zerotree coding is performed on a new mixed image, and its result is transmitted to a decoder along with mode information.
In the decoder, the reconstructed image is obtained from the mixed image, mode information, and motion vectors, as shown in Fig 4B. First, the predicted image is generated using motion vectors, and then is wavelet transformed. In the mixed image, this predicted image is added only to the blocks defined as intermodes by mode information. Then, by inverse-wavelet-transforming the resulting image, the final reconstructed image is obtained. Even if two modes are mixed in the wavelet domain, the image can be reconstructed perfectly in the decoder because wavelet transformation is a linear operator.
Wavelet Domain Image Compression Using Zerotree Coding
In this section, we will consider coding methods of mode information and mixed images, which are generated by the adaptive intra/intermode selection technique in the wavelet transform domain. Zerotree coding techniques such as EZW lI and SPIHT lo have attracted much attention in recent years. In the proposed scheme, a modified EZW algorithm is adopted and modified for mode information coding, and the SPIHT coder is adopted for mixed image coding.
Brief review of zerotree coding/1 Let us consider a data structure called a zerotree. A wavelet coefficient x is said to be insignificant with respect to a given threshold T ir ]xi < T and significant otherwise. Given the threshold level T to determine whether or nota coefficient is significant, a coefficient x is said to be an element of a zerotree for threshold T ir all of its descendents and itself are insignificant with respect to T. An element of a zerotree for threshold T is a zerotree root if it is not the descendent of a previously found zerotree root for the same threshold. The significance map can be efficiently represented asa string of four symbols. They are (1) zerotree root, (2) isolated zero, which means that the coefficient is insignificant but has some significant descendent, (3) positive significant, and (4) negative significant.
In the zerotree coding method, wavelet coefficients are quantized by successive-approximation quatization (SAQ). The SAQ sequentially applies a sequence of thresholds To, "", Tu-~ to determine significance, where the thresholds are chosen so that T~ = Ÿ ]2.
The SAQ is implemented by the iteration of 2 separate passes: the dominant pass and the subordinate pass. During a dominant pass, coefficients that have not yet been found to be significant ate compared to threshold Ti to determine their significance. This significance map is then zerotree coded using the four symbols mentioned previously. Each time a coefficient is encoded as significant, its magnitude is appended to the list called the subordinate list. A dominant pass is followed by a subordinate pass in which all coefficients on the subordinate list are scanned, and the specifications of the magnitudes available to the decoder are refined to an additional bit of precision. For each magnitude on the subordinate list, this refinement can be encoded using a binary alphabet with a "1" symbol indicating that the true vatue lies in the upper half of the old uncertainty interval, anda "0" symbol indicating the lower half.
The process continues to alternate between dominant passes and subordinate passes where the threshold is halved before each dominant pass. And it stops at the desired rate or distortion.
Mode information coding. Now, let us try to implement zerotree coding for mode information compression. Figure 5B shows the intra/intermode distribution fora typical XCT chest image given in Fig 5A. Here, white blocks represent intrablocks and black blocks represent interblocks. In Fig 5B, note that the interblocks are mainly concentrated on the low-frequency band, and intrablocks appear mainly in the high-frequency band, as mentioned previously. If a block is selected as an intramode in a certain frequency band, its corresponding blocks in higher frequency bands likely will become an intramode. This is similar to the case of embedded zerotree wavelet coding (EZW), which is based on the hypothesis that if a wavelet coefficient in a low-frequency band is zero, all corresponding wavelet coefficients in higher frequency bands are likely to be zero. u Therefore, the concept of EZW also can be adopted for our mode selection information coding.
In this algorithm, mode selection information is represented asa string of 3 symbols: TRATR (IntraTree Root): Current block itself and all descendents are intramodes ITRA (Isolated Intra): Current block is intramode but has some descendents that are intermodes INTER (Inter): Current block is intermode above, it can be compared with mode selection block.
Then the st¡ is entropy coded. Through various experiments we have found that if mode selection information is represented with the 3 symbols compressed by a ratio of about 7:1 a fixed rate coding where 1-bit information is allocated to every
Mixed image coding. For mixed image coding, the SPIHT lo based on zerotree coding (described above) is adopted. In medical 3D images, however, it is important to maintain consistent quality throughout the slices. Therefore, we need a new bitrate control method that allocates bits to each slice so that consistent quality is maintained. If zerotree coding is not supposed to stop in the middle of each pass, the quantization error of wavelet coefficients can be determined by the threshold of the final pass. Therefore, by using the same final threshold in each slice, we can maintain the same quantization error for wavelet coefficients and achieve consistent image quality among all slices.
Then, an initial threshold of the kth slice To,k can be defined as
where T I, p~, M denote the final threshold, the number of passes for kth slice coding, and the number of slices, respectively. As mentioned above, because consistent image quality is achieved using the same final threshold (TI) in each slice, the compression ratio can be controlled by adjusting T I. Then, fora given T I, To,~ and p~ are to be determined so that equation 3 and the following condition can be satisfied for every wavelet coefficient W~(m, n)
in the kth slice, ie,
where N • N is the number of coefficients. Figure 6 shows our proposed motion-compensated wavelet transform coder. As this figure shows, the number of wavelet transforms (including forward and inverse transforms) is 3 in the encoder and 2 in the decoder. It means that 1 more transform is needed in both the encoder and the decoder of the proposed scheme compared to conventional schemes such as MPEG, H.261, and H.263. The reason for more transforms is that adaptive mode selection is performed not in the spatial domain but in the wavelet transform domain. Although additional transforms are needed, their portion of the entire computational time is relatively small compared with that of motion estimation/compensation and zerotree coding.
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental results are obtained using multipleslice XCT head images, XCT chest images, and MRI head images. The pixel precision of all images is 12 bits. Table 1 contains the details pertaining to the images used in our experiment. The XCT Chest 1' (or MRI Head') images mentioned in Table 1 are created by selecting every other slice in the XCT Chest 1 (or MRI Head) image set so that its slice distance may be considered 4 mm (or 3 mm). Every image set consists of 30 images, and only the first slice is assigned to the intraslice.
For warping prediction, a block size of 16 • 16 is used, and the full search block matching algorithm with a search range of 5 • 5 is used for the initial search of the four vertices (uf, vi) in the deformed block (Fig 2) . In wavelet transform, a 4-Ievel pyramid is constructed using the 9/7-tap filter. 12 In this article, distortion is measured by the peak signal to noise ratio (PSNR) and peak error (PE):
where MSE denotes the mean squared-error between the original and reconstructed images; and
where I~ is the kth o¡ image, ik is the kth reconstructed image, and N • N is the size of an image.
A common problem in evaluating image quality by PSNR is that small average distortion can result in noticeable visual artifacts if all errors are concentrated to small important regions. Because of this drawback, PE has been introduce& Figures 7 and 8 illustrate graphs of PSNR versus bit rates and graphs of PE versus bit rates for three coding schemes: (1) the intraslice coding scheme (INTRA), (2) the interslice coding scheme (IN-TER), and (3) the proposed coding scheme with an adaptive mode selection technique (ADAPT). PE in Fig 8 represents It may be noted that as the slice gap between images gets larger, the coding performance of interslice coding becomes worse. For example, because the slice gaps of XCT Chest 1' and Chest 2 images, and Mili Head' images are quite large, even the intraslice coding scheme performs better than the interslice scheme (see C-F of Figs 7 and 8 ). Figure 7 shows that the adaptive mode selection method provides a PSNR improvement of 0.4 to 1.7 dB compared with intraslice coding, and 0.5 to 2.1 dB compared with interslice coding at the same bit rate. The figure also shows that the adaptive method provides a compression ratio improvement of 4.7 to 14.3% compared with intraslice coding, and 4.8% to 17.2% compared with interslice coding at the same PSNR. Figure 8 demonstrates that the adaptive method increases the compression ratio compared with intraslice coding or interslice coding at the same PE. Therefore, we conclude that the proposed method offers better performance than interslice or intraslice coding schemes, regardless of the size of the interslice gap.
Finally, we compared the proposed method with the well-known MPEG coder. In this simulation, an MPEG coder is modified to handle 12-bit images. Rate control is not applied to the MPEG coder, but the same quantization step is applied to all frames like the zerotree coder adopted in the proposed coder. The group of picture (GOP) size of the MPEG coder is 12, and B frames are not used. As shown in Fig 9, the proposed method provides drastic improvement over the MPEG coder. Therefore, the proposed method using existing video coding tools such as warping, zerotree coding, and intra/intermode selection in the wavelet-transform domain is meaningful and prospective for medical 3D image coding.
Figures 10, 11, and 12 show coding results of XCT head images with a compression ratio of 5:1, XCT chest images with a ratio of 6.8:1, and MRI head images with a ratio of 11.9:1, respectively. As shown in these figures, it is difficult to distinguish the original image from its reconstructed image, even in the zoomed version.
The encoding time of the proposed algorithm is about 8.4 seconds for ah image of 256 • 256 in an Ultra Sparc I workstation with a CPU of 167 MHz. Most of the time (about 8.1 seconds) is for warping prediction for better motion estimation/compensation. Decoding takes only about 0.4 seconds. Even though the encoding speed is relatively slow, it does not necessarily reduce the usefulness of the proposed scheme because encoding usually is an off-line process in medical applications.
CONCLUSION
Because medical 3D images have low interslice correlation and demand high bit-rate coding compared with video sequences, a more effective image coder is required. In this report, an effective coding method of medical 3D images, which uses an adaptive mode selection technique in the wavelet transform domain, has been presented. The adaptire mode selection technique improves coding performance by mixing residual image coding (intercoding) and original image coding (intracoding) adaptively in a transformed image. This adaptive selection is based on observations that intercoding is pro¡ in high frequency, that intracoding is profitable in low frequency, and that intercoding is preferred in spatial regions where motion compensation is successful, with intracoding preferred otherwise.
It has been shown that the proposed coding scheme, based on adaptive mode selection, is a generalized and robust compression tool for medical 3D images, which always provides better performance than intraslice or interslice coding, regardless of slice distance.
